Objective: Early neonatal thalamic lesions account for about 14% of continuous spike-wave of sleep (CSWS) syndrome, representing the most common etiology in this epileptic encephalopathy in children, and promise useful insights into the pathophysiology of the disease. Methods: We describe nine patients with unilateral neonatal thalamic lesions which progressed to CSWS. Longitudinal whole-night and high-density electroencephalograms (EEGs) were performed, as well as detailed imaging and clinical evaluation. Visual evoked potentials were used to probe cortical excitability. Results: Thalamic volume loss ranged from 19% to 94%, predominantly on medial and dorsal nuclei and sparing the ventral thalamus. Lesions produced white matter loss and ventricle enlargement on the same hemisphere, which in four patients was associated with selective loss of thalamic-cortical fibers. Cortical thickness quantification failed to reveal hemispheric asymmetries. Impact on EEG rhythms was mild, with a volume-loss-related decrease in alpha power and preservation of sleep spindles. The sleep continuous spiking was lateralized to the hemisphere with the lesion. Visual cortex stimulation in five patients with posterior cortex spiking revealed an abnormal frequency-dependent excitability at 10-20 Hz on the side of the lesion. Significance: Unilateral selective thalamic-cortical disconnection is a common feature in our patients and is associated with both a focal pattern of CSWS and a pathological type of frequency-dependent excitability (peak: 10-20 Hz). We propose that this excitability represents an abnormal synaptic plasticity previously described as the augmenting response. This synaptic plasticity has been described as absent in the corticocortical interactions in healthy experimental animals, emerging after ablation of the thalamus and producing a frequencydependent potentiation with a peak at 10-20 Hz. Because this response is potentiated by sleep states of reduced brainstem activation and by appropriate stimulating rhythms, such as sleep spindles, the simultaneous occurrence of these two factors in nonrapid-eye-movement sleep is proposed as an explanation for CSWS in our patients.
Introduction
The syndrome of continuous spike-wave of sleep (CSWS) is an important treatable epileptic encephalopathy with peculiar features that set it apart from the seizure-related morbidity associated with other types of epilepsies [1] . Retrospectively, the first examples clearly identifiable as CSWS were reported [2] in six children. The peculiar appearance of continuous spiking with sleep onset, the fast disappearance with both rapid eye movement (REM) and waking, and the persistent occurrence "night after night" for years were all described in this early report. More recently, the syndrome was reclassified as an age-related and self-limited childhood encephalopathy [3] . An incidence of neuroradiological abnormalities in between 33% and 60% of cases with CSWS have been reported in several series [4] , with lesions dominated by unilateral or diffuse atrophy, but cases of porencephaly, pachygyria, cortical developmental disorders, polymicrogyria, and hydrocephalus have also been reported. A more recent list [5] adds yet other lesions but, most importantly, highlights the importance of early vascular thalamic lesions.
The connection between early thalamic lesions and CSWS was first suggested in case reports [6] [7] [8] . A large series (N = 32) of patients with early thalamic lesions strengthened the case for this connection [9] by demonstrating that 37.5% of patients with early thalamic lesions presented the syndrome years later. An enlarged series from the same group with N = 60 patients [10] and a more careful prospective study of the new cases revealed that patients with thalamic lesions involving predominantly mediodorsal nuclei had a higher probability of evolving to CSWS. Kersbergen et al. [11] followed prospectively 14 survivors of early thalamic hemorrhages and found CSWS-like (spike index N 50%) in 5, sleep-induced epileptiform activity in 2, and focal epilepsy in another 2. The young age of some of the patients, below the typical age of onset of CSWS, suggests that these numbers are lower estimates, and yet they support a relationship between the two pathologies. The relative importance of this etiology in the common CSWS of the general population was addressed in a group of N = 100 children [5] with a CSWS-like clinical presentation and spike index higher than 50% in which 14% had evidence for thalamic lesions, the single most important etiology.
In the present study, we characterize the neurophysiological features of CSWS in a group of patients with neonatal thalamic lesions and propose an anatomical and physiological model for the origin of the associated sleep-related continuous spiking.
Methods

Clinical data
Clinical data for the nine patients in the present series are shown in Table 1 . Patients were selected from a population of children with CSWS evaluated at the clinical neurophysiology laboratory of the first author in the time span of 15 years, with the additional requirement that a well-defined thalamic lesion was identified in the magnetic resonance imaging (MRI) study. Cases with diffuse encephalopathy, hypoxicischemic etiology, or structural lesions extending beyond the thalamus were excluded.
In all patients, the lesion was unilateral, and seven out of nine had a clear history of neonatal thalamic hemorrhage, with an acute severe brain disease which in two cases required the placement of a ventricle-peritoneal shunt (VPS) (Fig. 4B) . Of the patients with no history of thalamic hemorrhage, one had no pathological events preceding the epilepsy onset and consequent MRI diagnosis (patient 2), whereas in the other case (patient 5), preeclampsia was diagnosed in the late stages of pregnancy and the posterior MRI showed thalamic deposition of hemosiderin supporting a previous hemorrhagic event ( Supplementary Fig. 1 ).
Most patients suffering thalamic hemorrhage recovered surprisingly well, and four out of seven met the early motor and cognitive developmental milestones, (Table 1) . In three patients, this development was delayed, which in two cases was partially attributed to surgical complications associated with the management of the hydrocephalus.
In most patients, the later onset of CSWS was associated with significant deterioration of behavioral and cognitive capabilities (Table 1) .
Electroencephalogram (EEG) acquisition and processing
All patients were submitted to repeated whole-night EEG recordings using the 10-20 system plus subtemporal electrodes (F9/10 and P9/10) and quantification of the Spike Index (SI) using a modification of the method of Larsson et al. [12] , with determination of the ratio of 3-s epochs with spikes and without spikes in an integration time of 30 s (instead of the 10-min period in the original method), running through the whole EEG trace. With this modification, we could perform a quantification of the SI for each sleep stage evaluation. Patient P8 had a whole-night recording only after CSWS resolution and clearing of the EEG spikes, so an SI quantification was not possible.
A high-resolution electroencephalogram (HR-EEG) was performed in eight of the nine patients. This consisted of 1-to 2-h recordings using a cap (EasyCap Inc) with 82 electrodes, corresponding to the full 10-10 system plus electrodes F11/12, FT11/12, TP11/12, and P11/12, and electrocardiogram. A digital EEG amplifier was used (SynAmps2, Compumedics-Neuroscan), with sintered AgCl ring electrodes, a sampling rate of 1000 Hz, and filters DC 70 Hz. The first part of the recording included resting-state and visual evoked potentials, whereas the second part included a 30-min nap. Localization of the spike activity of CSWS was performed using a realistic boundary element model (BEM), obtained from segmentation of the anatomical T1 sequence for each patient. Scalp maps of the average and Laplacian representative spike at half-peak and peak amplitude were computed along with source analysis using the cortical standard low-resolution tomography (sLORETA) model implemented in the CURRY6.0 software (CompumedicsNeuroscan). In one patient, we could not obtain the Laplacian because he did not cooperate to obtain an acceptable HR-EEG.
The posterior alpha and mu spectral data were obtained from the HR-EEG at rest with eyes closed and eyes open, respectively. The average spectra of several (15 to 20) 1-s epochs for each channel (applying a Hanning window and fast Fourier transform [FFT]) were computed and used to draw a scalp representation map of the power distribution. The interhemispheric ratio was computed from the power in electrodes C3/4 for Mu and the average power of electrodes P7/8, CP3/4, and O1/2 for the posterior alpha. Spindles were manually located in the Cz channel of whole-night EEG recordings, and 30-50 1-s epochs were obtained and used to compute the average spectra for each channel. With these spectra, we compared hemispheres (using the C3-F7 and C4-F8 derivations) and obtained a global map of power distribution at the peak of spindles. The asymmetry index (AI) was computed as AI = (P − N) / (P + N)*100, where P and N are the power in pathological and normal hemispheres [13] .
The correlation between SI and the sleep stage was obtained by manually scoring the whole-night EEG recordings using EEG derivations from the nonlesioned hemisphere. For each sleep stage, we computed the average SI for the whole night.
Imaging of and volumetry data
In all patients, an anatomical whole-brain MRI was obtained, which allowed manual volume quantification of the whole thalamus, using the methodology described in Power et al. [14] and pulvinar using the guidelines of Byne et al. [15] . Because lesions were always unilateral, volumes were normalized to the healthy hemisphere. In six patients, automatic quantification of the cortical thickness using the software FreeSurfer was performed. In order to compare diverse cortical areas, the cortical reconstruction of each hemisphere was automatically parceled into the 74 areas of the Destrieux atlas, and the average cortical thickness of each area was compared between hemispheres.
In four patients, diffusion-weighted imaging (DWI) was obtained using the following parameters: spin-echo echo-planar imaging sequence with b = 1000 s/mm 2 , 25 directions, 1 non-DWI image, resolution = 4.0 × 4.0 × 4.0 mm 3 , 36 slices with no gap, and echo time/repetition time of 89.7/8475 ms. Deterministic tractography quantification of the structural connectivity between the thalamus and temporal lobes and also of the pyramidal pathway was performed (Fig. 5A ) after standard preprocessing steps, including Eddy current distortion, with the freely available software tool DiffusionKit (http://diffusionkit. readthedocs.io) [16] . After fiber reconstruction using the manually segmented thalamus as seed and excluding vertically and posteriorly projecting bundles using appropriate exclusion planes (Fig. 5A, left) , we identified the two most important bundles projecting to the temporal lobe, corresponding to the fornix and thalamic bundle (Thal-Bundle) (Fig. 5A , middle) and also posterior thalamic peduncle (Post-Thal-Ped) fibers (Fig. 5A , right). These and also the pyramidal pathway were isolated using appropriately placed regions of interest (ROIs), (Fig. 5 , middle and right). A one-way analysis of variance (ANOVA) on the number of fibers from the hemisphere with the thalamic lesion (normalized to the contralateral one) (Fig. 5, Supporting Table 2 ) was performed to test the hypothesis of no significant difference in the patients' average fiber count between the four tracts. Paired comparisons between average fiber bundles were performed using t-tests.
Steady-state visual evoked potentials (SSVEPs)
To probe the cortical responses to external visual stimuli of the posterior cortex of the lesion hemisphere and to compare them with responses from the healthy hemisphere, we designed a protocol with sequential stimulation of the four quadrants of the visual field. SSVEPs similar to the ones of di Russo et al. [17] were used and consisted in the presentation of a set of four sinusoidal Gabor gratings with horizontal bar stimulus in a counterbalanced sequence in the four quadrants of the visual field (Fig. 6B) . The patient was seated comfortably in a chair facing a fixation cross at the center of an LCD display with a refresh rate of 75 Hz while the Gabor gratings flickered in two blocks of 100 stimuli per quadrant with an interval between blocks of 15 s and in a counterbalanced sequence. Four stimulation frequencies were used (5.4, 9.4, 12.5, and 18.8 Hz), corresponding to subharmonics of the fundamental LCD refresh cycle of 37.5 Hz. For patients P3 and P4, only the 9.4-and 12.5-Hz frequencies were tested because of limited collaboration.
After high-pass filtering of the EEG (electrode Oz with reference in Fz) at 1 Hz and low-pass filtering at 70 Hz, epochs corresponding to 10 cycles of the applied VEP stimulus were created and averaged for each quadrant of the visual field and frequency of stimulation. SSVEPs were then submitted to a FFT (fft function from Matlab R2013) to recover the first five harmonics. The signal-noise ratio (SNR) was calculated by dividing the peak amplitude by the average of the two neighboring spectral points [18] .
Results
Anatomical features of thalamic lesions
An overall visual inspection of the thalamic lesions revealed that, in all cases, lesions were unilateral and predominantly near the ventricles, affecting mainly the medial and superior nuclei of the dorsal thalamus, with relative sparing of the more lateral ventral thalamus (Fig. 2) . This topographic distribution of lesions produces a selective sparing of the first-order thalamic nuclei, which are localized more laterally and ventrally, with preferential involvement of higher-order nuclei [19] .
The volumetric data for the thalamus are shown in Fig. 2 and reveal a wide range of volume loss from 19% to a massive 94% (Supporting Fig. 1B) . The comparison of volume loss to overall developmental status (Supporting Fig. 2B ) demonstrated a trend for more severe delay in patients with large atrophy. Nevertheless, even a loss higher than 50% volume is compatible with a normal developmental status.
The pulvinar was also quantified and found to have a wide range of atrophy (Fig. 2) , from 11% to 74% (Supporting Fig. 1B ).
In the patients where an automatic comparison of cortical thickness between hemispheres was performed (N = 6), no asymmetry was found (Supporting Fig. 2A ), which agrees with the lack of abnormalities in the visual MRI inspection. This is in contrast with the loss of white matter demonstrated by the enlarged ventricles on the hemisphere with the thalamic lesion in all these patients (Fig. 2) .
Electroclinical features
For all patients, the CSWS was a focal one, with continuous spiking restricted to a region of the lesion hemisphere (Fig. 1) . This remained stable in repeated whole-night EEG recordings of the same patient despite a strong trend to variable secondary propagation to other brain areas, including the contralateral hemisphere. This supports the interpretation that the epileptic spiking producing the CSWS pattern originates in a restricted cortical subregion.
The effect of the lesions on the physiological EEG rhythms revealed the following (Fig. 3) : (a) decrease in power of the posterior alpha rhythm over the lesioned hemisphere, which in five out of nine patients is lower than the 50% interhemispheric ratio taken as the lower limit of normal in clinical practice; (b) for the Mu rhythm, this ratio remained above 50% in six patients and was absent bilaterally in two, and one patient (P3) had no demonstrable Mu rhythm over the lesion hemisphere only, which was associated with clinical evidence for upper motor lesion (discrete right lower limb spastic monoparesis); (c) the sleep spindles were consistently present in both hemispheres of all patients, with eight out of nine patients with pathological-healthy hemisphere AI within the limits reported [13] for partial epilepsy of − 23% to + 29%. The spectra also showed a similar peak frequency for spindles in both hemispheres of each patient (Fig. 3B) , supporting the interpretation that, in our series, this rhythm is largely preserved despite the large unilateral thalamic lesions.
Sleep-stage correlations of epileptic activity
The asymmetric pattern of continuous spiking allowed the manual scoring of sleep using the contralateral EEG channels in eight out of nine patients. For most patients, the overall structure of the sleep was not significantly disturbed, with an average of five cycles per night and sleep efficiencies in the normal range (N 90%) for all patients. This supports the interpretation that the continuous spikes overlap, but do not significantly disturb, the normal succession of sleep stages and is in line with the absence of excessive daily sleep complains in all the patients.
The quantification of the SI for each sleep stage for one night revealed a persistent increase of this index in all non-REM stages (1, 2, and 3) compared with wakefulness and REM sleep (Supporting Fig. 2C) , which is the paramount characteristic of the CSWS.
Source analysis
The average reference maps for representative spikes produced dipolar fields with well-defined peaks over the posterior cortex for the nine patients, stable between half-peak and peak and always lateralized to the lesion hemisphere (Fig. 4, left maps) . In the eight patients where it was computed, the Laplacian produced sharper configurations of sources and sinks that were largely compatible with the average maps but improved their spatial resolution (Fig. 4, middle maps) . The sLORETA, with the anatomical space of solutions restricted to the cortex segmented from the MRI, produced maximum scores in well-defined areas (Fig. 4, right maps) that are largely compatible with the spatial configuration of the previous scalp maps but which additionally support a deep localization for most patients. The solutions for the nine patients effectively favor the origin of spikes in a posterior brain cortical patch, which show reduced spatial variation from half-peak to peak.
Tractography
The fiber quantification of the fornix, Thal-Bundle, Post-Thal-Ped, and pyramidal pathways puts in evidence an interhemispheric asymmetry, with loss of fibers in the first two pathways and a lesser one in the last two (Fig. 5B) . The one-way ANOVA for the normalized fiber count (Supporting Table 2 ) produced an F = 4.743, leading to the refusal of the null hypothesis of no difference in mean ratio between the four bundles with a P b .02. Paired comparisons of the means of the four bundle types using paired t-tests revealed a significant difference between the pyramidal and both the fornix (P b .02) and Thal-Bundle (P b .02) but not between the last two bundles (P b .36). The PostThal-Ped demonstrated a clear fiber loss in the hemisphere with thalamic lesion in only two patients, and the t-test in the comparison with the pyramidal pathway failed to reach significance (P b .11). Overall, these results demonstrate that the loss of white matter associated with the thalamic lesions produces loss of fibers which is significantly more important for thalamic-cortical projections than for nonthalamic ones (pyramidal pathway).
SSVEPs
The three patients tested with active CSWS (Fig. 6A) presented enhanced responses to stimulation of the lesion hemispheres on the 9-to 19-Hz frequency range, which is reflected in the positive outlier values of Fig. 6D , whereas no such asymmetry was apparent in other frequencies of stimulation or in the healthy subject (Fig. 6B) . Even though no epileptic spikes were present throughout the SSVEP protocol, these observations support a frequency-dependent increased excitability of the cortex in these patients. The increased excitatory responses are present in both quadrants in patient P4 and are restricted to the lower quadrant in patient P5 and to the upper quadrant in P3.
Two patients were tested after resolution of the CSWS pattern (Fig. 6C) , and except for one (P8) where an asymmetry in SSVEPs could be demonstrated around the peak frequency of the alpha rhythm (Fig. 6D) , no abnormal increases in excitatory responses were apparent. This observation supports a partial recovery of the SSVEPs responses towards normality and no evidence for an increased excitability at the spindle frequency range in the hemisphere with the thalamic lesion.
Discussion
Comparison of clinical features with data from literature
The clinical features in our series of patients with CSWS and thalamic lesions are similar to the ones described by early authors [6] [7] [8] and demonstrate the existence of an age-and sleep-stage-dependent dysfunction of the thalamocortical circuitry similar to the one observed in other etiologies of CSWS [20] . The analysis of individual MRI features of lesions in those case reports puts in evidence the predominant involvement of medial and dorsal thalamic nuclei in line with the one in our series with which they share a common etiology.
Comparison of our results with larger series [5, 9, 10] is more difficult because the multiplicity of etiologies and the large extrathalamic lesions in most of their patients precluded the demonstration of a clear anatomical-physiological model. Their predominant lesions involved the lateral and ventral thalamus, in association with much larger vascular lesions of the middle cerebral artery, which is quite distinct from the medial and dorsal localization of exclusively thalamic lesions in our series.
A trend for larger thalamic lesions to have an impact on development is apparent in our series (Supporting Fig. 2B ) and can also be found in previous case reports of patients with larger thalamic destruction (case 1 of Incorpora et al. [6] and the case of Monteiro et al. [7] ) compared with the more favorable outcome of patients with more limited lesions.
Comparison of thalamic lesions with other similar series
The thalamic hemorrhage underlying the lesions in our series is similar to the one described previously [21, 22] , mostly with unilateral incidence. Seven of our nine patients had clear history of unilateral thalamic hemorrhage, whereas the two patients with no clear etiology (P1 and P5) had very similar lesion types, suggesting a common cause, possibly occurring before birth. The presence of hemosiderin in the MRI of patient P5 supports this suggestion (Supporting Fig. 1) .
Regarding the predominant distribution of lesions in the thalamus, Kersbergen et al. [11] described mostly periventricular localizations (8/14 patients), as was the case in the early case reports [6, 7, 8] , in line with a similar distribution in all our cases (Fig. 2) . This suggests that the medial dorsal thalamus in contact with the ventricles is most commonly affected, with a relative sparing of more lateral and ventral thalamic regions. In Losito et al. [10] , when the thalamic lesion involved predominantly the medial-dorsal nuclei, there was a higher incidence of CSWS (61%) than when this was not the case (39%), suggesting that this particular distribution of lesions is more prone to produce the CSWS, in line with our observations.
The overall pattern of lesions in our patients suggests a predominant involvement of higher-order thalamic nuclei [19] , leading to a selective deafferentation of cortical association areas from their thalamic connections, in comparison with first-order nuclei connecting to primary somatic-sensory cortex. This observation correlates well with the reported preservation of both the Mu rhythms and spindles on the affected hemisphere and also with the predominant incidence of the CSWS over association cortex reported using positron emission tomography in seven patients with the syndrome [23] . The preservation of sleep spindles along the so-called core pathway [24] is also in line with the functional integrity of sensory and visual thalamocortical relays and the absence of afferent somatic-sensory and visual deficits in our patients.
Correlation of cortical origin of spikes and thalami lesions
In all the patients of our series, a single cortical area in the lesion hemisphere was associated with the generation of the continuous spiking typical of the CSWS syndrome. In the two patients with VPSs, the spike source was distant from the cortical scar (Fig. 4B) , suggesting that this does not play a role in the genesis of the continuous spike pattern of CSWS.
The widespread enlargement of ventricles on the side with thalamic lesion, together with the associated reduction of white matter and selective loss of thalamocortical fibers, supports an important cortical disconnection of the hemisphere with the sleep-related continuous spiking. During wakefulness, this disconnection does not lead to a clear increase in excitability, as spikes are absent or very scarce and the overlying physiological alpha rhythms are predominantly depressed in power (Fig. 3A) . This observation is in line with data from preparations with cortical slabs disconnected from the thalamus in vivo [24] , where a similar absence of spontaneous epileptic activity was demonstrated. The depressed alpha rhythm is similar to the one described after thalamic infarction [25] and compatible with animal deep electrode recordings where partial coherence analysis of this rhythm revealed a strong contribution from the pulvinar nucleus [26] .
Despite this reduced spontaneous activity, the SSVEP stimulation revealed a frequency-dependent pathological increase in excitability to visual stimuli presented to the lesion hemisphere for all the patients tested (Fig. 6A, C, and D) , as compared with the responses to the unaffected one, between 10 and 20 Hz. Such frequency-dependent increase in excitability is not a general phenomenon in neocortical epilepsies as demonstrated by the distinct results of a corticocortical stimulation study in patients with cortical dysplasia [27] where the responses peaked for stimuli around 50 Hz and inhibition was apparent at frequencies of 12.5 Hz. It is also not present in our healthy volunteer or in the more extensive normative study of di Russo et al. [17] . The increased cortical excitability in the lesion hemisphere is restricted in spatial extent, as demonstrated by the involvement of a single quadrant of the visual field stimulation of the hemisphere with the lesion, either in patients with active CSWS or in patients with no active CSWS (Fig. 6D) . In this hemisphere, we can still recognize the physiological spindles with preserved symmetry to the contralateral hemisphere (Fig. 3B) . Because the frequency range of the peak SSVEPS reactivity overlaps the one of physiological spindles, the latter can potentiate this abnormal form of plasticity in the non-REM sleep in the patients with active CSWS (Fig. 6A) . The SSVEPs of the two patients studied after resolution of CSWS no longer demonstrate such asymmetrical reactivity to afferent stimulation at the spindle frequency (Fig. 6C and  D) , supporting the interpretation that the sleep-induced excitability to spindles is no longer present.
Influence of thalamic lesions in cortical plasticity
The augmenting response was described [28] as increased cortical responses associated with repetitive sensory afferent stimulations with an optimal frequency around 10 Hz [29] . Other experiments demonstrated that augmenting responses to corticocortical stimulation were difficult to obtain in the neocortex of intact animals but were much facilitated after thalamic destruction [30] . The augmenting response is also dependent on the neocortical cholinergic tone, attenuating when this is high [31] , which is the typical case during awakening and REM sleep. Extrapolating from these experiments to the unilateral brain corticothalamic disconnection of our patients, we postulate that thalamic deafferented neocortex should express an increased susceptibility to this type of frequency-dependent plasticity with corticocortical interactions when compared with the intact contralateral cortex.
The combination of the previous observations suggests that a pathological augmenting response type of cortical plasticity could provide an explanation for the peculiar and frequency-dependent increased excitability of the neocortical areas disconnected from the thalamus in our patients, and it could also explain the variation throughout the wakesleep cycle (Fig. 1) , with peaks in conditions with low neocortical cholinergic tone, such as the non-REM sleep stages [32] , and disappearance in stages where this tone is high (wakefulness and REM sleep). The demonstration, using the SSVEPs protocol in the three patients with active CSWS, of a frequency-dependent increased excitability to corticocortical stimulation in the 10-to 20-Hz range over the lesion hemisphere (Fig. 6A ) supports this proposal.
Sleep spindles are a physiological type of augmenting response, which is preserved during sleep in the lesion hemispheres of our patients (Fig. 3B) , and can provide a cortical stimulus at the appropriate frequency to potentiate the pathological cortical augmenting response [33] , eventually leading to the continuous spiking of CSWS [30] . Supporting this hypothesis is the observation that, in the few cases of CSWS submitted to functional hemispherectomy, a surgical procedure that disconnects the cortex from thalamic inputs and therefore of spindles, a rapid disappearance of the continuous spiking was observed [34, 35] , suggesting that the cortical epileptic activity is dependent on the connection to the thalamus. The disappearance of the frequencydependent excitability at the spindle frequency in our two patients tested after resolution of the CSWS (Fig. 6C) is compatible with the previous hypothesis.
A model for the origin of CSWS
The overall electroclinical and anatomical features of patients in our series overlap the ones reported in similar cases from the literature, suggesting that a common mechanism underlies the CSWS in cases with early thalamic lesions. The detailed neurophysiological characterization of spontaneous EEG rhythms and the integration with the cortical excitability results using the SSVEPs protocol highlighted an important connection between the sleep spindles and CSWS: (a) Sleep states with no spindles do not have CSWS (Supporting Fig. 2C ). (b) Spindles are preserved in the hemisphere with the thalamic lesion (Fig. 3B) . (c) Brain areas with CSWS show a frequency-dependent increased excitability at spindle frequencies (Fig. 6A) . (d) Patients that recovered from CSWS do not have a frequency-dependent excitability at spindle frequency (Fig. 6C) .
The highlighted importance of sleep spindles in CSWS and results from the previous experimental research in the phenomena of augmenting response plasticity led us to propose the following model for the genesis of CSWS in our patients:
1. A predominantly dorsal thalamic lesion produces a neocortical area partially deafferented from thalamic inputs, while preserving the ventral thalamus. 2. The deafferented neocortex expresses a pathologically increased augmenting response. 3. In non-REM sleep, the presence of cortical spindles contributes to a local potentiation of the augmenting responses, leading to the generation of the continuous spiking typical of the CSWS.
The consistent age-dependent expression of the CSWS years after the thalamic lesion suggests that a developmental susceptibility factor underlies this transient major imbalance in the thalamus-cortical circuitry oscillations. The nature of this factor remains unknown, but its appearance is likely to involve a developmental change in gene expression which renders the 4-to 14-year-old children with the appropriate thalamic lesions susceptible to CSWS.
A limitation of the present study is that all epileptic foci in our group of patients were localized in the posterior cortex, whereas cases with CSWS associated with predominantly anterior cortex have been described. Whether our proposed model is also applicable to such cases remains to be determined.
A remaining open question is whether the proposed model is only relevant for thalamic lesions or it is also applicable to other etiologies. The characterization of the thalamic-cortical connection in CSWS associated with other etiologies could provide answer to this question. To the best of our knowledge, this is the first model proposed for CSWS spanning a single etiology, and even though it only represents around 14% of all cases [5] , it is in our view particularly illuminating in the connection it allows with the physiological EEG rhythms throughout the wake-sleep cycle and in the restricted and anatomically well-localized single-hemisphere lesions. Because the proposed model is highly dependent on the overlap of the frequency-dependent increased excitability and the spindle frequency range, an interesting test of its applicability to other etiologies of CSWS would be the demonstration of a similar frequency-dependent neocortical hyperexcitability in such cases. We therefore propose that a more detailed study of the frequency dependence of the corticocortical excitability in CSWS of diverse etiologies might provide important information towards the construction of a general model of the condition and provide clues to the as-yet mysterious connection with the sleep stages and EEG rhythms.
Because of the retrospective exploratory character of the present study and the limitations of ethical considerations and patient cooperation, not all patients underwent the same investigations. We tried to make it transparent which kind of support each of the partial conclusions we reached was based on, but we recognize that this is a limitation that future prospective studies will need to address and overcome.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.yebeh.2017.08.027.
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